Abstract: Three new bis(ligand) iron(III) complexes were prepared with the deprotonated ONX ligands (X = O,S,N), pyridoxal semi-, thiosemi-and S-methylisothiosemicarbazones (H 2 L 1 , H 2 L 2 and H 2 L 3 , respectively) of the formulas [Fe(HL 1,2 )L 1,2 ] . 4H 2 O and [Fe(HL 3 ) 2 ]OAc . 2H 2 O. The compounds were characterized by elemental analysis, conductometric and magnetochemical measurements, as well as by IR and UV-vis spectra. Detailed voltammetric investigations were carried out in DMF solutions in the presence of several supporting electrolytes to study the nature of the electrochemical processes and solution equilibria.
INTRODUCTION
Due to their interesting physico-chemical, structural and pharmacological characteristics, semi-, thiosemi-and isothiosemicarbazones and their metal complexes have for a long time been a research subject of many authors. [1] [2] [3] [4] Recently, metal complexes with Schiff bases pyridoxal derivatives have attracted special attention, among them thiosemicarbazone complex have been studied in most detail. 5 Some copper(II) complexes with this ligand were found to exhibit certain biological activity. 6 In our previous work 7 3 are pyridoxal semi-, thiosemi-and S-methylisothiosemicarbazone, respectively, were described.
As a continuation of these studies, the syntheses and some physico-chemical and electrochemical characteristics of three new complexes with the above deprotonated ligands, viz. [Fe(HL 1,2 )L 1,2 ] . 4H 2 O and [Fe(HL 3 ) 2 ]OAc . 2H 2 O, are described in this paper. Their behavior differs markedly from those previously described.
EXPERIMENTAL

Chemicals and methods
All chemicals used were commercially available products of analytical reagent grade. The syntheses of the ligands and starting complexes have been described previously. 7 Elemental (C, H, N) analysis of air-dried samples was carried out by standard micromethods in the Centre for Instrumental Analysis, Faculty of Chemistry, Belgrade.
Magnetic susceptibility and molar conductivity measurements, IR spectra and electronic spectra recordings were performed as described previously. 7 Voltammetric experiments in freshly distilled DMF were carried out on a glassy carbon (GC) disk electrode, coupled to an aqueous saturated calomel electrode (SCE). Preparation of the supporting electrolyte solutions (LiClO 4 , LiCl and TBAP) and GC electrode surface conditioning, as well as voltammetric measurements on an AMEL voltammetric setup were performed according to reported procedures. 7 3 of EtOH and heated for 3 min. After 24 h the precipitated lumpy black crystals, with admixtures of white needles of the precipitated ligand, were heated with the mother liquor to dissolve the ligand, the warm solution was filtered, and the obtained crystals were washed with H 2 O. Yield: 0.15 g (50 %).
Synthesis of the complexes
RESULTS AND DISCUSSION
Synthesis, general physico-chemical characteristics and geometrical configuration of the complexes
The elemental analysis data and some physico-chemical characteristics of the obtained iron(III) complexes are given in Table I . 7, 8 Namely, it is known that the pyridoxal fragment of these ligands, after coordination of the phenolic oxygen, occurs in the form of a zwitter ion, formed by the migration of the OH-group proton to the pyridine nitrogen, the deprotonation of which is facilitated by the presence of NH 3 as a good proton acceptor. Moreover, the zwitter-ionic nature of the pyridoxal fragment of the ligand is characteristic not only of the coordinated neutral forms but also of the free ligands, which in the case of H 2 L 2 was confirmed by X-ray structural analysis. 9 The IR spectroscopic proof 7 of a protonated pyridine nitrogen is the presence of a broad band with two or more maxima in the range of 3000-2700 cm -1 . The IR spectra of the studied ligands and complexes had maxima in the range of 2930-2820 cm -1 . It is known 7-9 that these ligands behave as planar tridentate ONX (X = O,S,N®H 2 L 1 , H 2 L 2 , H 2 L 3 , respectively) ligators. On the basis of this fact and the composition of the isolate bis(tridentate) type complexes, a mer-octahedral configuration can be ascribed (Fig. 1 ).
Magnetic moments (Table I ) indicate that the complexes with H 2 L 1 and H 2 L 3 are high-spin and have m eff values that are lower than the spin-only ones, which could be explained by the "admixture" of the low-spin Fe(III). In contrast, the complex with H 2 L 2 is low spin, which can lead to the conclusion that in the isolated complex, H 2 L 2 behaves as a ligand of strong ligand field. However, there are reports 12 on Fe(III) complexes with some tridentate thiosemicarbazones whose spin state is dependent not only on the degree of ligand deprotonation, but also on the nature of the outer-sphere ion, and even on the number of molecules of crystal water. One of such examples is [Fe(HL 2 ) 2 ]Cl, which is high-spin (m eff = 5.75 m B ), while its dihydrate is low-spin (m eff = 2.05 m B ). 13 The isolated complexes are brown crystalline substances, stable in air. The nonelectrolytic complexes are relatively well soluble in DMF and DMSO, less soluble in MeOH, EtOH and H 2 O, and inosluble in Me 2 CO and Et 2 O. The molar conductivity of their MeOH solutions is in accordance with their coordination formulas. In contrast to this, the complex with H 2 L 3 is relatively well soluble in MeOH, but poorly in DMF. The obtained l M value in MeOH, which is lower than that of 1:1 type electrolyte, 14 is probably a consequence of more pronounced association, resulting in a lower mobility of both cation and anion.
Electronic spectra
The spectra were recorded in DMF in the presence of 0.1 mol dm -3 LiCl, as well as in the presence of H + to a ratio of 10H + /H 2 L, to monitor the course of the voltammetric experiments. In the available range of 260-800 nm, the absorption is intensive and several bands of different complexity were seen up to about l » 500 nm, the spectral patterns being essentialy different from those of the corresponding ligands. 7 This is, of course, a consequence of the changes in structure of the coordinated ligands (HL -, L 2-), yielding primarily changes in the corresponding charge-transfer bands. 15 The spectra of [Fe(HL 2 )L 2 ] recorded under the above conditions are shown in Fig. 2 . Curve 1 reflects all the complexity of the absorption in this wavelength range. The poorly defined bands at l < 350 nm indicate that the intraligand absorption bands of the imino portion of the thiosemicarbazone (n ® p*) 16 are almost overlapoped with the thiolate (n ® p*) transitions, which appear at about 350 nm in the free ligand. The unresolved bands appearing at l » 400-450 nm belong to the charge-transfer bands ligand-metal, while the band at 635 nm can be ascribed to d-d transitions, which is not unusual for a low-spin iron(III) complex. The decrease in the complex absorption at l > 400 nm and a certain increase in the absorption range of the free ligand (310-340 nm, spectrum 2) in the presence of LiCl suggest that chloride enters, to a certain extent, the Fe(III) coordination sphere. Hence, the interactions ligand-Fe are weaker, giving a spectrum of the complex that is more similar to that for the ligand itself in the same medium. Still, the charge-transfer band Cl-Fe, which appears at about 330 nm with this type of complex, could not be observed because of the very strong intraligand absorption at these wavelengths.
The other two compounds (Table II) also have a complex spectrum in pure DMF solution. With the H 2 L 1 complex, the absorption in the range of l < 325 nm can also be ascribed to intraligand transitions, while the broad band at about 357 nm, as well as the shoulder at 466 nm, are due to ligand-metal interactions. 15 An ovelapping of the absorption bands of the immino portion of the thiosemicarbazone moiety (n ® p*) with the charge-transfer bands ligand-metal is observed in the wavelength range 310-370 nm in the spectrum of the cationic H 2 L 3 complex. However, as with the majority of high-spin iron(III) complexes, 17 the spectra of these complexes contained no bands that could be ascribed to d-d transition in the visible range. The spectra of all the complexes recorded after addition of acid in a ratio H + /Fe(III) (1:1) and above, looked more like the spectra of the free ligands under the same conditions, which indicates their sensitivity to protons.
Cyclic voltammetry
In a previous work, 7 the voltammetric behavior in DMF of several cationic type mono-and bis(ligand) iron(III) complexes containing all three ligands was described. The investigated complexes (with the ligands coordinated as H 2 L and HL -) showed a marked instability in this solvent, dissociating to a great extent, even in the presence of an inert electrolyte (TBAP). Here the results of a study of the newly-synthesized iron(III) complexes with the ligands coordinated as HL -, and L 2-are presented. Of special interest is the comparison with the results of studies of the analogous iron(III) complexes with salicylaldehyde semi-, thiosemi-and S-methylisothiosemicarbazones, the rich electrochemistry of which has been described in several papers. [18] [19] [20] [Fe(
The cyclic voltammograms of this complex obtained in the presence of TBAP are shown in Fig. 3A . Due to its poor solubility, the compound was investigated at concentrations up to 0.5 mM, resulting in ill-defined peaks, which additionally hindered their interpretation. As a result of this, in the range of up to -1.1 V, due to the presence of several mixed complex species involving Fe(III) and H 2 L 3 or ( literature data [21] [22] [23] [24] [25] [26] and our experience with the similar salicylaldehyde derivatives, 18, 19 it can be concluded that the peak at -1.69 V arises from the one-electron reduction occurring on the pyridoxal fragment, whereas the other two peaks correspond to the overall two-electron reduction of the thiosemicarbazone moiety. The peak at -2.02 V is probably due to the reduction of the (HL 3 ) -form of the ligand (this peak is missing in the voltammogram of free H 2 L 3 ). All three processes are irreversible and are followed by protonation of the reduced ligand by proton abstraction from traces of water or some other proton donor. The addition of LiClO 4 to the above solution caused a shift of the potentials of two reduction peaks of the thiosemicarbazone fragment in the positive direction, due to the interaction (ion-pairing) of the reduction products with Li + . As a result, in the reverse scan of the widest potential amplitude, a well defined one-electron oxidation peak appears at -0.97 V which can be ascribed to the stabilization of Fe(II) complex species, mainly as [FeL 2 2 ] 2-… Li + . The favorable effect of LiCl on the appearance of the cyclic voltammograms of the Fe(III) complexes was also confirmed in this case (Fig. 3B) . Two separate peaks arise, which result from the reduction of the Fe(III) complexes (at about -1.0 V) and of the pyridoxal fragment of the ligand (at about -1.7 V). The latter peak is partly ovelapped with the peak originating from the reduction of the thiosemicarbazone part of the ligand, which, due to the presence of Li + , is more positive by about 200 mV (E p »1.98 V). The peaks at -0.63 V and -0.99 V can be ascribed to the reductions of iron(III) complexes containing one and two ligands.
The instability of the iron(III) bis(ligand) cationic complex in the presence of an excess of Cl -was noticed a long time ago. 18, 19 In addition to the observed compound dissociation in DMF into mono(ligand) Fe(III) complexes and H 2 L (i.e., HL -), the remaining mono(ligand) forms with Fe(III) (and especially the Fe(II) complexes resulting from the reduction) enter into a ligand exchange reaction with chloride. Oxidation of the thus obtained FeCl 2 into [FeCL 4 ] -takes place at potentials of about 0.0 V. The latter reaction is reversible, so that the complex is completely regenerated.
The oxidation takes place in perchlorate medium in 2-3 steps up to +1.5 V. The peaks at + 0.48 V and +1.04 V are also observed in the voltammograms of the ligand itself in the presence of LiOAc, hence, it can be concluded that the complexation did not influence these processes. In constrast, after the ligand oxidation at E p > 1.0 V, the complexes undergo irreversible decomposition.
Complexes of the type [Fe(HL)L]
In previous works [18] [19] [20] it was shown that Fe(III) complexes of this type with tridentate thiosemi-, isothiosemi-and semicarbazone ligands behave as coordination dimers of the general formula [Fe(HL) 2 ][FeL 2 ]. The cyclic voltammograms of these complexes looked as if they were composed of the voltammogams of an equimolar mixture of the two individual complexes.
TBAP. The similarity to the behavior of the above complexes is evident in all the investigated media. In the presence of TBAP the new complex exhibits two one-electron reduction peaks to about -1.1 V (Fig. 4A) , characteristic of electron transfer to the central Fe(III) ion. The process at -0.58 V, involving probably either [Fe(H 2 L 2 )] 2+ or [Fe(HL 2 ) 2 ] + , reflects the instability of the reduced species, which is relaxed by releasing the ligand (see the reverse scan). In addition, the complex species [FeL 2 2 ] -undergoes a one-electron oxidation at +0.44 V (Fig. 4B) , which is close to the analogous process of the free ligand (+0.45 V). With the salicylaldehyde complex of the same type, this process takes place at +0.35 V, 18 which shows that, due to the electron-withdrawing effect of the pyridine nitrogen, the oxidation of the pyridoxal derivative is more difficult. The other two peaks in Fig. 4B , observed at about +0.9 and +1.3 V are related to the further oxidation of the coordinated ligand, which, after releasing 2-3 electrons, is followed by chemical complications of the decomposition of the complex.
The voltammogram of [Fe(HL 1 )L 1 ] recorded in the presence of TBAP also has a similar general appearance, whereby, because of the coordination of the oxygen atom, the reduction/oxidation process was more hindered. Evidently, there are no well-defined oxidation peaks: in the range to +1.6 V, oxidation is reflected in the form of two partially overlapping peaks -the first at +0.87 V is a one-electron process, and the other with E p > +1.6 V is a multielectron process which occurs close to the positive potential limit of the supporting electrolyte. As in the case of the other investigated complexes, the oxidation is followed by a chemical decomposition of ligand, which is evidenced by the appearance of some new peaks, characteristic of the decomposition products.
A detailed insight into the process of complex reduction can be obtained on the basis of (Fig. 5A) . Both processes are quasi-reversible, with DE p /Dlog n being -40 mV decade -1 at moderate scan rates. At scan rates above 5 V/s, the cathodic and the corresponding anodic peaks become deformed because of the slow electron transfer and the reaction of other complex species at near by potentials. However, if the potential amplitude is extended to the negative direction, to encompass the first and/or second reduction peak of the semicarbazone fragment, a redistribution of the reduced Fe(II) complex species occurs. Namely, the protonation that follows the ligand reduction 21, 22 probably involves the H + from the acidic form of the ligand, (HL 1 ) -, yielding a relative increase in the content of (L 1 ) 2-species. Due to this, a new peak emerges at -1.15 V which can be ascribed to the oxidation of [FeL 1 2 ] 2-. (Self-protonation that accompanies pyrodoxal reduction, facilitated by tautomeric stabilization of the species formed, has been reported in the literature [25] [26] [27] Fig. 5A , the shape of which corresponds approximately to a steady state.
The addition of Li + (LiClO 4 ) (Fig. 5B) influences not only the reduction potentials but also the overall appearance of the cyclic voltammogram. The potential of the second reduction peak is shifted from -1.17 V to -1.03 V (anodic counterpart at -0.90 V) and the peaks are quasi-reversible, which is in agreement with the observed effect of stabilization of the reduced anionic species by the formation of ion pair with Li + , [FeL 1 2 ] 2-… Li + . In addition, of the ligand reduction peaks, only the first one is positively shifted by about 200 mV on addition of Li + , whereby the peak current corresponds to the reduction of one half of the overall ligand (i.e., to (HL 1 ) -).
LiCl. The effect of LiCl on the appearance of the cyclic voltammogram of [Fe(HL 2 )L 2 ] is illustrated in Fig. 6 . As already mentioned, Li + stabilizes [FeL 2 2 ] 2-by ion pairing. In addition, the H 2 L 2 complexes which are unstable in perchlorate medium are transformed into more stable chloride species, which is evidenced on the voltammogram by the appearance of two pairs of well defined one-electron peaks. However, the presence of chloride influences the stability of the reduction product related to the first peak in the opposite way, i. 2+ species. This is in agreement with previous observations on the instability of the corresponding salicylaldehyde complexes. 19 
Addition of H +
In previous papers, the fast and stoichiometric protonation of iron(III) complexes with salicylaldehyde derivatives of semi-thiosemi-and S-methylisothiosemicarbazone, which could be followed photometrically and voltammetrically, was described. [18] [19] [20] In contrast to the above mentioned complexes, the protonation of all three new complexes in LiCl solution is non-stroichiometric and slow around the equivalence point, the equilibria involved suggesting resonance stabilization of several protonated forms of the ligand.
The course of the protonation of [Fe(HL 2 )L 2 ] is illustrated in Fig. 7 . The addition of 0.5 equivalents of H + resulted in the disappearance of the reduction peak of the protonation of all complex species of Fe(III) is almost complete, and the resulting reduction peak of [FeCl 4 ] -attains its maximum. However, the color of the solution was not light-yellow (characteristic of [FeCl 4 ] -), but light redish, which indicates the presence of interaction of Fe(III) and the protonated ligand.
In constrast to the analogous complexes with salicylaldehyde derivatives of semi-, thiosemi-and S-methylisothiosemicarbazone, the voltammograms of which after stoichiometric protonation do not undergo essential changes in the presence of an excess of H + , with these complexes a new reduction peak of the pyridoxal fragment appears at about -1.0 V, which changes with the excess of H + . It should be noticed that after the addition of two equivalents of H + , the one-electron ligand reduction peak at -1.50 V (curve 1) had doubled in height and was positively shifted by about 100 mV. The peak for H 2 L 2 attains its maximum at about 2.5 H + /Fe(III), and then decreases with the appearance of a new peak at about -1.0 V, which corresponds to the reaction of the pyridoxal fragment in an acidic medium. 25 This peak shows a further increase to about 2.5 H + /H 2 L 2 , and then a new peak appears at -1.35 V, which increases slowly with the excess of H + . The main peak current attains a maximum that is 3.5-4.0 times higher than that of I p ([FeCl 4 ] -), which, calculated on one mole of the ligand, corresponds to I p (H 2 L 2 )/I p ([FeCl 4 ] -) = 2:1. Therefore, the peak denotes a successive transfer of two electrons at nearby potentials, as observed in an aqueous medium by Izquierdo et at. 26 A similar conclusion also holds for [Fe(HL 1 )L 1 ], for which after the protonation in an excess of H + (2-3 H + equiv./H 2 L 1 ) (E p = -0.98 V), the current at the peak of the pyridoxal fragment reduction is only about 1.5 I p ([FeCl 4 ] -) per one mole of the ligand. This is a consequence of a changed peak shape, as the successive electron transfer does not take place at approximately the same potential, but at potentials separated by about 200 mV.
The cationic Fe(III) complex undergoes similar changes, too. In the final solution, after complete complex protonation and addition of another 3H + /H 2 L 3 , the current at the peak at -0.85 V is, for the above reasons, twice as high as that of the [FeCl 4 ] -reduction.
The course of protonation of these complexes can also be followed spectrophotometrically, which for [Fe(HL 2 )L 2 ] is illustrated in Fig. 2, curves 3 and 4. The protonation yields first an increase of the absorption at l » 332 nm characteristic of H 2 L 2 (curve 3), and then its decrease, accompanied by an increase of the maximum at 369 nm, as observed for (H 3 L 2 ) + in this medium.
